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A state observer is a system that estimates the internal state of a given 
dynamic system based on its input and output measurements. State ob- 
servers are commonly used in control systems and are vital for applications 
such as sensor fusion, fault detection, and state estimation. 

In this guide, we will break down the process of understanding state ob- 
servers with examples. Let’s follow these simple steps. 


Step 1: Understand the basics of dynamic systems 

A dynamic system is a mathematical model that describes how the state of 
a system changes over time. The state of a system is a set of variables that 
completely determine the behavior of the system at any given time. Dynamic 
systems can be represented by differential or difference equations. 

Example: A simple dynamic system can be a mass-spring-damper system 
where the mass (m), spring constant (k), and damping coefficient (c) are 
constant parameters. The state variables can be the displacement (x) and 
velocity (v) of the mass. This system can be described by a set of differential 
equations: 


= v(t) (1) 


Step 2: Introduce the concept of state observers 

A state observer is an algorithm or a mathematical model that provides an 
estimate of the internal state of a dynamic system based on the available 
input-output measurements. State observers are essential when some state 
variables are not directly measurable, or when the sensor measurements are 
noisy or unreliable. 

Example: In the mass-spring-damper system, suppose that we can only 
measure the displacement x(t) but not the velocity u(t). A state observer 
can be used to estimate the velocity based on the input force u(t) and the 
measured displacement x(t). 


Step 3: Understand the working principle of state observers 

State observers work by creating a replica of the actual dynamic system, 
using the same system equations but with the estimated states. The ob- 
server then adjusts the estimated states based on the difference between the 
measured output and the estimated output, using a gain matrix called the 
observer gain. 


Step 4: Study the Luenberger Observer, a common type of state 
observer 
The Luenberger Observer is a linear state observer that is widely used for 
estimating the states of linear time-invariant (LTI) systems. It uses a linear 
combination of the system’s input, output, and state estimates to generate 
the estimated state. 

Example: For the mass-spring-damper system, a Luenberger Observer 
can be designed using the following observer equations: 
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Here, <(t) and a(t) are the estimated displacement and velocity, respec- 
tively, and L is the observer gain matrix. 


Step 5: Design the observer gain matrix 

The observer gain matrix (LZ) is a crucial part of the state observer, as it 
determines the convergence and stability properties of the observer. The 
gain matrix is usually designed to make the error between the actual and 
estimated states converge to zero as quickly as possible without causing in- 
stability. 


The observer gain can be calculated using various methods, such as pole 
placement, optimal control, or eigenvalue assignment. The choice of method 
depends on the specific requirements of the application. 


Step 6: Implement and test the state observer 

Once the observer equations and the gain matrix are designed, the state 
observer can be implemented in a simulation environment or embedded sys- 
tem to estimate the states of the dynamic system based on the available 
input-output measurements. The following steps outline the process of im- 
plementing and testing the state observer: 


Step 7: Choose a suitable programming language or software 
Depending on your application, you may choose to implement the state ob- 
server in a programming language such as Python, MATLAB, or C++, or 
use specialized software like Simulink or LabVIEW. The choice of language 
or software depends on factors like system requirements, available libraries, 
and personal preferences. 


Step 8: Implement the observer equations 

Translate the observer equations and the observer gain matrix into the chosen 
programming language or software. Ensure that the input-output measure- 
ments and initial state estimates are properly initialized and that the observer 
equations are implemented correctly. 


Step 9: Test the state observer 

Test the implemented state observer with simulated or real input-output 
measurements. Analyze the performance of the observer by comparing the 
estimated states with the actual states or a reference model. Adjust the 
observer gain matrix or the observer design, if necessary, to improve the es- 
timation performance. 


Step 10: Integrate the state observer into the control system 
Once the state observer has been tested and its performance is satisfactory, 
integrate it into the control system. The estimated states provided by the 
observer can now be used for state feedback control, fault detection, or other 
purposes that require accurate state information. 


Step 11: Continuously monitor and refine the state observer 

After integration, continuously monitor the performance of the state observer 
in the control system. Refine the observer design or gain matrix as needed 
based on the system’s changing requirements, sensor degradation, or other 


factors that could affect the observer’s performance. 

By following these steps, you can understand the concept of state ob- 
servers, design and implement one for your specific application, and integrate 
it into your control system for improved performance. 

Here’s an example of implementing the mass-spring-damper system and 
Luenberger Observer in MATLAB. The script simulates the system and the 
observer and plots the actual and estimated states. 


4 Mass-Spring-Damper System and Luenberger Observer Example 


4 Parameters 

= 1; % Mass (kg) 

0.5; % Damping coefficient (V.s/m) 
= 10; % Spring constant (N/m) 

= 10; % Observer gain 
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% System matrices 


A = (0, 1; -k/m, -c/m]; 
B = [0; 1/m]; 
c= [1, 0]; 


4 Simulation time 
t_span = 0:0.01:10; 


4 Initial states 
xO = [1; 0]; % Actual initial state 
xO_hat = [0; 0]; % Estimated initial state 


4 Input force (step input) 
u= 1; 


4 Mass-spring-damper system dynamics 
mass_spring_damper = @(t, x) A* x+B* u; 


4 Luenberger Observer dynamics 
observer = @(t, x_hat, x_meas) A * x_hat + B * u+ L * (x_meas - C 
+ * x_hat); 


4 Simulate the system and observer 
[~, x_actual] = ode45(mass_spring_damper, t_span, x0); 


x_meas = x_actual(:, 1); % Assume we can only measure displacement 


x_hat = zeros(length(t_span), 2); 


x_hat(1, :) = xO_hat’; 
for i = 1:length(t_span) - 1 
[~, x_temp] = ode45(@(t, x) observer(t, x, x_meas(i)), [t_span(i 
— ), t_span(iti)], x_hat(i, :)’); 
x_hat(iti, :) = x_temp(end, :); 
end 


4 Plot actual and estimated states 

figure; 

subplot(2, 1, 1); 

plot(t_span, x_actual(:, 1), ’b’, t_span, x_hat(:, 1), ’r--’); 
xlabel(’Time,,(s)’); 

ylabel(’Displacement,,(m)’); 

legend(’Actual’, ’Estimated’); 
title(’Mass-Spring-Damper,System,,-_Displacement’ ) ; 


subplot(2, 1, 2); 

plot(t_span, x_actual(:, 2), ’b’, t_span, x_hat(:, 2), ’r--’); 
xlabel(’Time,,(s)’); 

ylabel(’Velocity,(m/s)’); 

legend(’Actual’, ’Estimated’) ; 
title(’Mass-Spring-Damper_System,-,Velocity’ ) ; 


In this example, the mass-spring-damper system and Luenberger Ob- 
server are simulated using MATLAB’s ‘ode45‘ function. The actual system’s 
state is obtained by integrating the system dynamics, while the observer’s 
state is obtained by integrating the observer dynamics. The actual displace- 
ment is assumed to be measurable, and the observer estimates both the 
displacement and the velocity. Finally, the actual and estimated states are 
plotted for comparison. 
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